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INTRODUCTION 45
There are multiple challenges for coffee production. In Central America, as production expands, 46 smallholder coffee farmers are increasingly being forced to cultivate in areas which are 47 Table 1 . Main characteristics of the two shade tree species in the study site: Tabebuia rosea and 144
Simarouba glauca, over the period of the experiment. Standard error of the mean in brackets. calculated by multiplying the number of leaves by the mean leaf area. LAI of the coffee plots9 were estimated by multiplying the mean leaf area of the shoots by coffee population density 196 and by the mean number of shoots per coffee plant. 197
Tree leaf area was determined by using the hemispherical photograph technique on four trees 198 of each species four times per year (February, April, July and November) in 2012 and 2013. 199 Hemispherical photographs of the tree canopy were taken by using an upwards pointing Nikon 200
Coolpix 4500 digital camera with a fisheye lens. Images were analyzed using the Gap Light 201
Analyzer software (Frazer et al., 1999) . In order to correct for the effect of branch traces in the 202 images, hemispherical photographs of leafless Tabebuia rosea canopy in the dry season were 203 taken and the area subtracted from photographs of canopies in leaf. The branch architecture of 204 the two tree species was assumed to be similar. The effect of the distance between lens and 205 tree crown was corrected by multiplying the number of the pixels of the image by the square of 206 the distance between lens and crown. Calibration of this indirect method was carried out by 207 cutting down four typical specimens of each species from outside the experimental plots and 208 harvesting their leaves. Planimetric and gravimetric techniques were applied as in Jonckheere 209 et al. (2004) . 210
The quadratic regressions for leaf area as a function of the proportion of black pixels in the tree 211 monochrome image of Tabebuia rosea was y=-0.0389x 2 +16.81x (R 2 = 0.89) and for Simarouba 212 glauca was y=-0.045x 2 +5.25x (R 2 = 0.72), and were used to calculate leaf areas from the 213 hemispherical photographs of the four trees during the two year experimental period. The leaf 214 area index was calculated by using tree population density. 215 216 2.5. Shade density 217
Tree canopy shade density was obtained by using a model C spherical densiometer (Forest 218 Suppliers Inc., USA) which consist of a convex mirror divided into a twenty-four square grid. We 219 counted the areas on the squares surfaces that were covered by the canopy taking four readings 220 in each cardinal direction from four sampling points in the shaded plot. The sum of each one of 221 the 24 grid square measurements in each direction were divided by four and multiplied by 1.04 222 to obtain the estimated overstory density percentage (Lemmon, 1956) ) by using leaf area index (LAI). 241
Tree sap flow rates were continuously measured over 2012 and 2013 by using the thermal 242 dissipation technique (Granier, 1985; Granier, 1987) The maximum value of SWR during this period was 1018 mm (S.E.= 17) and 961 mm (S.E.=43) in 357 AFS and FS, respectively. The minimum value of SWR was recorded at the end of 2013 dry season 358 when it declined to 452 mm (S.E.=13) in AFS which represented 12% lower SWR than in FS during 359 the same period (Fig 2) . Coffee and tree leaf area index and shade density 365 LAI of coffee plants was always greater in AFS compared to FS (p<0.001), averaging 2.39 366 (S.E.=0.10) and 3.57 (S.E.=0.10) in FS and AFS respectively. Coffee LAI seasonal patterns showed 367 a strong decrease during the whole duration of the dry periods and afterwards increased in the 368 wet seasons in both systems, although this recovery was much delayed after the severe dry 369 period of 2013. Mean coffee LAI ranged from 2.88 (S.E.=0.05) to 5.01 (S.E.=0.07) in the dry and 370 wet seasons respectively in AFS coffee while in FS it varied from 1.68 (S.E.=0.02) in the dry to 371 3.73 (S.E.=0.12) in the wet seasons (Table 2) . 372
Tree LAI varied with shade tree species, ranging on average from 0.46 (S.E.=0.16) for Simarouba 373 glauca to 0.62 (S.E.=0.12) for Tabebuia rosea. Tree LAI of both species also varied with the 374 seasonal dynamics (p<0.001). In deciduous Tabebuia rosea LAI dropped to zero in April with 375 mean LAI ranging between 0.13 (S.E.=0.10) in the dry to 1.12 (S.E.=0.09) in the wet seasons. In 376 evergreen Simarouba glauca LAI remained more stable with a mean of 0.44 (S.E.=0.004) in the 377 dry while in the wet it was 0.48 (S.E.=0.01) ( Table 2) . 378 Table 2 . Leaf area index of full sun coffee (FS) (n=30), coffee agroforestry (AFS) (n=35)
383
Mean tree canopy cover was 57.3% of full irradiance over the period of study. Shade density did 384 not differ between years (p=0.60) and seasons (p=0.14) (Table 3) . 385 showed a tendency to a longer peak in AFS in dry conditions (Fig 4) . In the 2012 dry season, in 407 AFS coffee transpiration reached a peak at 10:00 that was then constant until 12:00 when it 408 started to decline while in FS the peak was reached at 11:00 and declined at 11:30 (Fig 4 a) . FS transpiration declined rapidly after the peak (Fig 4 c) (Fig 4 c) , probably due to the over-riding effect of low 422 soil water availability. 423
By the middle of wet season (July) coffee transpiration rate tended to be lower in both systems. 424
The lack of a system effect observed in 2013 (Fig 4 d) seasons tree transpiration tended to reflect the trend in VPD (Fig 7 b and 7 d) . Tabebuia (Fig 7 a and 7 c) . As a deciduous tree species Tabebuia rosea daily transpiration showed great 464 difference between both years and seasons while evergreen Simarouba glauca did not. The litter fall layer differed between systems (p=0.001) with mean 1009 g m -2 (S.E.=57) and 489 494 g m -2 (S.E.=81) in AFS and FS, respectively. The litter layer was found to be similar between 495 distances from the coffee trunk in FS (p=0.71) and in AFS (p=0.33). In AFS no significant 496 difference in the litter amount was found beneath both shade tree species in the plot (p=0.8). 497
Soil evaporation over the whole two-year measurement period was calculated by fitting the 498 Ritchie soil evaporation model (Ritchie, 1972 ) to our measured data (Fig 9) . Simulations showed 499 that water loss by soil evaporation was far from negligible and represented 44% and 12% of 500 incident rainfall in wet and dry season, respectively. 501 respectively (Fig 10 a and 10 with an average of -0.78 MPa (S.E.=0.05) and -0.58 MPa (S.E.=0.05) respectively, over the period 528 of study (Fig 10) . MLWP tended to be more negative when VPD was greater and the SWR was 529 limited, which corresponded with high correlation coefficients of r= -0.90 and r= 0.97 between 530 MLWP and VPD and SWR, respectively. By the end of the 2013 severe dry season the lowest 531 values of both PLWP and MLWP were observed in AFS. In FS it was found -1.0 MPa (S.E.=0.09) 532
and -1.93 MPa (S.E.=0.12) while in AFS it was -2.04 MPa (S.E.=0.12) and -2.33 MPa (S.E.=0.05) 533
for PLWP and MLWP, respectively (Fig 11) . November 2012 (equipment malfunction), we decided to exclude the total evapotranspiration 546 estimation for that period (Table 4) . 547 Table 4 Tra ns pi ra tion Soi l Eva pora tion Eva potra ns pi ra tion
Plot scale transpiration partitioning in AFS demonstrated that coffee transpiration was typically 562 the greatest fraction compared to tree transpiration (Table 5) Coffee water use 575
Coffee water consumption on a leaf area basis was 23% greater in FS compared to AFS. On the 576 other hand, at a plot scale we found coffee transpiration was 15% greater in AFS due to a 33% 577 greater leaf area index in shaded coffee, similar to findings reported by Partelli et al. (2014 in the open system was found to be similar to another study on coffee shaded with Inga 583 densiflora in Costa Rica in which FS coffee transpiration was about 20-45% greater than in AFS 584 (Cannavo et al., 2011) . 585
In this study coffee transpiration was driven by both the atmospheric demand and soil water 586 availability. Contrasting precipitation in the two consecutive years of study allowed comparison 587 of coffee transpiration behaviour in both years. In 2012, when soil water was not so limiting, 588 coffee transpiration tended to follow air saturation deficit in the wet and dry seasons as 589 demonstrated in Figure 3 . Inhibition of coffee transpiration was observed under VPD values of 590 1.7 kPa in FS in the dry season, which may have been a mechanism to reduce internal water 591 stress. The close relationship between transpiration and atmospheric parameters has been 592 previously demonstrated (Fanjul et al., 1985; Gutiérrez and Meinzer, 1994 ) and coffee 593 transpiration inhibition at a similar threshold of VPD between 1.5 and 1.6 kPa was reported by 594
Van Kanten and Vaast (2006) and by Gutiérrez and Meinzer (1994) . The general independence 595 of coffee leaf transpiration from soil moisture was demonstrated by Nunes and Duarte (1969) 596 when a decrease in transpiration rate was recorded only when 80% of the soil water in the 597 rooting zone had been depleted. 598
In this study, we demonstrated that in the second year, during the severe dry season, 55% lower 599 coffee transpiration rate occurred despite the high solar radiation (1015 W m -2 ) and high vapor 600 pressure deficit (2.9 kPa) which suggest a response to low soil moisture that seems to have 601 become the predominant limiting factor of transpiration in those stressed conditions. We also 602 demonstrated that in the 2013 severe dry season, coffee leaf water potential declined to its 603 lowest level when it reached -1.94 MPa and -2.33 MPa at midday in FS and AFS, respectively. 604
Despite great variability in response to water supply related to coffee genotypes similar orders 605 of magnitude of such MLWP in AFS were reported for Mokka coffee cultivar being -2. . Very low rates were observed in April when most of the 624 Tabebuia trees were leafless but these periods were short; about 2-3 weeks in April 2012 and 5-625 8 weeks during the 2013 severe dry season. The reduction in water loss over the dry season was 626 compensated for by rapid increase in water consumption in the late dry seasons to achieve full 627 leaf expansion which characterized Tabebuia rosea as a water spender compared to Simarouba 628 glauca tree. Moreover, the deciduous Tabebuia rosea root system was distributed throughout 629 the 2.0 m soil profile (Padovan et al., 2015) , indicating competition for water in the dry periods 630 in the upper soil layer where most coffee roots are concentrated. This study demonstrated that 631
